The protective effect of nitric oxide (NO) on the antioxidant system under paraquat(PQ) stress was investigated in leaves of 8-week-old lettuce (Lactuca sativa L.) plants. PQ stress caused a decrease of leaf growth including leaf length, width and weight. Application of NO donor, sodium nitroprusside (SNP), significantly alleviated PQ stress induced growth suppression. SNP permitted the survival of more green leaf tissue preventing chlorophyll content reduction and of higher quantum yield for photosystem Ⅱ than in non-treated controls under PQ exposure, suggesting that NO has protective effect on chloroplast membrane in lettuce leaves. Flavonoids and anthocyanin were significantly accumulated in the leaves upon PQ exposure. However, the rapid increase of these compounds was alleviated in the SNP treated leaves. PQ treatment resulted in lipid peroxidation and induced accumulation of hydrogen peroxide (H2O2) in the leaves, while SNP prevented PQ induced increase in malondialdehyde (MDA) and H2O2. These results demonstrate that SNP serves as an antioxidant agent able to scavenge H2O2 to protect plant cells from oxidative damage. The activities of two antioxidant enzymes that scavenge reactive oxygen species, superoxide dismutase (SOD) and catalase (CAT) in lettuce leaves in the presence of NO donor under PQ stress were higher than those under PQ stress alone. Application of 2-(4-carboxyphenyl)-4, 4, 5, 5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO), a specific NO scavenger, to the lettuce leaves arrested SNP mediated protective effect on leaf growth, photosynthetic pigment and antioxidant systems. However, PTIO had little effect on lettuce leaves under PQ stress compared with that of PQ stress alone. The obtained data suggest that the damage caused by PQ stress is in part due to increased generation of active oxygen by maintaining increased antioxidant enzyme activities and SNP protects plants from oxidative stress. From these results it is suggested that NO might act as a signal in activating active oxygen scavenging system that protects plants from oxidative damage induced by PQ stress and thus confer PQ tolerance.
Introduction
A variety of toxic oxygen species such as superoxide, hydrogen peroxide, hydroxyl radicals and singlet oxygen are produced as a result of biochemical and physiological reactions within plant cells. Stress-induced accumulation of excessive quantities of reactive oxygen species (ROS) in plant cells is a typical phenomenon, because ROS-induced oxidative stress is an early damaging factor resulting from stress treatment in plants (Shevyakova et al., 2009) . ROS are toxic but also act as signaling molecules to mediate many key physiological processes. Plant cells have developed differential strategies to regulate their intracellular ROS concentrations by scavenging of ROS.
Toxic oxygen species are generated in the chloroplast during photosynthesis and the mechanisms have evolved by plants to scavenge these toxic oxygen species in the chloroplast (Shaaltiel and Gressel, 1986) . The toxicity of active oxygen lies in the fact that it can react with numerous cell components thereby causing a cascade of oxidative reactions resulting in lipid peroxidation, protein degradation, inactivation of enzymes, DNA strand breaks, and pigment bleaching (Scandalios, 1993) . The coordinated activities of antioxidant defense systems scavenging ROS protect plant cells from the deleterious effects of toxic oxygen species, which are produced at elevated rates when plants are exposed to environmental and xenobiotic stress conditions. Enzymatic antioxidant activity has been correlated with resistance to hyperoxia, photooxidative destruction by paraquat, salinity, ozone, chilling, drought and freezing (Kraus et al., 1995) .
Herbicides cause loss of turgidity of affected plants, bleaching of leaves and death of plant. The deleterious effect of herbicides is believed to be strong oxidation of cell cell components such as lipid peroxidation in cellular membranes via free radical chain reactions (Schmidt and Kunert, 1986) . The bipyridylium herbicide paraquat acts in chloroplasts in the light through the generation of superoxide by accepting electron from photosystem I (PSI) to become a reduced free radical, producing ROS.
Because ROS damage membranes, inducing lipid peroxidation and result in chlorophyll bleaching in chloroplasts, detoxification of ROS plays an important role in tolerance of plants to paraquat stress (Kraus and Fletcher, 1994 (Leshem, 1996; Wendehenne et al., 2001) . NO has been proposed to be a functional metabolite as signaling molecule involved in growth, development and defense responses. NO was reported to play important roles in diverse physiological responses, such as growth, germination, senescence, apoptosis/programmed cell death, root organogenesis, pathogen response, phytoalexin production and regulation of stomatal closure (reviewed by Neill et al., 2003; Qiao and Fan, 2008) . NO has also been involved in response to abiotic and biotic stresses, such as drought, salinity, heat, UV-B radiation and disease infection. Recently, it has been demonstrated that NO is involved in the protection system against oxidative stress induced by herbicide paraquat, a generator of superoxide radicals (Zhao et al., 2007) . Based on these data, one can suggest that NO is involved in scavenging not only hydroxyl radical, but also superoxide radical, which trigger the chain of oxidative reactions in the cells.
Several reports demonstrate that NO is able to counteract the toxicity of paraquat and diquat, which are known to generate ROS in potato and rice leaves (Beligni and Lamattina, 1999; Hung et al., 2002) , and block H2O2 production induced by cadmium in rice leaves (Hsu and Kao, 2004) or jasmonic acid in tomato leaves (Orozco-Cardenas and Ryan, 2002 For the pre-treatment, the detached leaves were floated on 20 ml of SNP solution in Petri dishes for 3 h under a white light source, then placed in solutions containing paraquat, SNP or PTIO. For the paraquat application, a paraquat bioassay (0-1.0 mM) was used to examine differential sensitivity to pigment bleaching and chlorophyll loss between control and paraquat-treated leaves. The concentration of 50 μM paraquat showed moderate toxicity, thus was used to determine the effect of SNP on the PQ stressed plants.
For the induction of paraquat stress, 50 μM paraquat was applied to the leaves that had been pretreated with or without SNP, either alone or in combination with 200 μM SNP or PTIO under same growth conditions. After being exposed to various time periods, leaf samples were harvested daily, measured, frozen in liguid N2 and stored at -70°C for further analysis.
Growth measurements
To evaluate leaf growth, leaf length, leaf width and leaf area were measured after 24 h of treatment. Leaf fresh weight was determined by using an electronic balance. Leaf dry weight was measured following over drying at 80°C for 72 h and reweighing. For the paraquat stress survival assays, leaves were monitored for bleaching and necrosis over 24 h and photographs taken at 0, 6, 12, 24 h from one representative experiment were shown.
Determination of photosynthetic pigments
Detached leaves were frozen, then transferred to N, N-dimethylformamide and stored in the dark at 4°C until they were analyzed. The total chlorophyll (a and b) and carotenoid levels were measured spectrophotometrically at 3 different wavelengths :
663, 645 and 480 nm. The concentration of chlorophyll and carotenoid contents were quantified according to the method of Inskeep and Bloom (1985) .
Determination of flavonoids and anthocyanin contents
Flavonoids and anthocyanin were measured according to the method of Mirecki and Teramura (1984) with some modifications. Detached leaves (5 g) were homogenized using mortar and pestle at 4℃ in 5 ml of extraction buffer (99 : 1 methanol-HCl, v/v). The homogenate was centrifuged at 2,000 g for 10 min at 4℃, and the supernatant was used for assays. Flavonoids and anthocyanin contents were estimated by measuring absorbances at 300 and 530 nm, respectively.
Chlorophyll fluorescence measurement
Chlorophyll fluorescence induction parameters of leaves were measured at room temperature using a pulse-amplitude modulated fluorometer (PAM 2100, ). Saturating pulses were given every 20 s and photochmical quantum yield of PSⅡ was calculated (Schreiber et al., 1986 respectively.
Determination of lipid peroxidation
Lipid peroxidation was estimated by the level of malondialdehyde (MDA) production in thylakoid membrane preparation according to Zhao et al. (1994) . Fresh leaves (0.5 g) were homogenized in 10 ml of 5% trichloroacetic acid and the homogenate was then centrifuged at 4,000 g for 10 min. The supernatant (2 ml) was mixed with 2 ml of 10% trichloroacetic acid containing 0.5% thiobarbituric acid, and then boiled at 100℃ for 20 min. After centrifugation at 12,000 g for 10 min, the absorbance of the supernatant was measured at 532 and 620 nm using a spectrophotometer. The amount of MDA was calculated using an extinction coefficient of 155
Determination of H2O2 content
The contents of H2O2 were determined by peroxidecoupled assay according to Veljovic-Jovanovic et al. 
Determination of antioxidant enzyme activity
Activity of total superoxide dimutase (SOD) was determined by the method of Spychalla and Desborough (1990) . The assay was performed at 25°C in a 3 ml cuvette containing 50 mM Na2CO3/ NaHCO3 buffer (pH 10.2), 0.1 mM EDTA, 0.015 mM ferricytochrome C and 0.05 mM xanthine. One unit of SOD is defined as the amount of enzyme that inhibited the rate of ferricytochrome C reduction by 50%. Mn-SOD activity was determined as described above except that assay mixture contained 2 mM KCN to inactive Cu, Zn-SOD. Cu, Zn-SOD was calculated from the difference between total SOD and Mn-SOD activities.
Catalase (CAT) activity was assayed by monitoring the consumption of H2O2 (Durner and Klessing, 1996) . The decrease in H2O2 was followed as the decline in absorbance at 240 nm, and activity was calculated using the extinction coefficient (39.4 mM -1 cm 1 ). The reaction mixture contained 2 ml of 100 mM NaH2PO4/Na2HPO4 buffer (pH 6.5), 50 μl of plant extract and the reaction was initiated by adding 10 μl of 30% (w/v) H2O2.
Statistical analysis
Each experiment was analyzed at least three times, and a standard deviation (S.D.) was calculated. The data were expressed in mean±S.D. of three replicates.
Statistical analysis was performed using the Student's t-test. (Leshem and Haramaty, 1996) .
SNP-treated leaves maintained their initial fresh mass during 24 h, while PQ application induced gradual decrease in leaf biomass by 24 h (Fig. 2A) . The tendency of the rate of chlorophyll loss in the leaves was similar, indicating that SNP reduced the loss of chlorophyll (Fig. 2B ). Fresh and dry-matter accumulations were remarkably suppressed by PQ alone or combined application (Fig. 3) . The combination of PQ with SNP increased these parameters to a larger extent compared with PQ alone, demonstrating that NO increased the tolerance of plant to PQ. The application of SNP can induce rapid growth, exhibiting thicker and greener than those of non-treated controls. The increased size accounts for the increased fresh mass of the leaves. However, high concentration of SNP (2 mM) inhibited wheat and pea growth, while low micromolor concentrations produced an increase in the rate of leaf expansion (Tu et al., 2003) . This is possibly the result of diverse sensitivity of each organ to NO. From the above findings, it has been implicated that NO acts as a stimulator molecule in plant photomorphogenesis. Table 2 . Effect of SNP on the chlorophyll and carotenoid contents in detached lettuce leaves exposed to paraquat
Effect of NO on photosynthetic responses under paraquat stress
Treatment with SNP prevented completely or alleviated the decrease of chlorophyll and carotenoid in lettuce leaves induced by PQ stress (Table 2) . However, there was no pronounced difference in photosynthetic pigments between PQ alone and PQ+PTIO. From these findings, it is proven that PQ induced chlorophyll loss was reversed by NO donor and that NO has protective effects on the chloroplast membrane. It was shown that NO protects chloroplast levels in stressed leaves and NO participates in bringing about partial greening in etiolated seedlings by the synergistic effect of NO and stress (Beligni and Lamattina, 2000) .
The ratio of variable to maximal fluorescence (Fv/Fm) was determined as an indication of PSⅡ efficiency (Bjorkman and Demming, 1987) , and a decline in the ratio suggests photoinhibitory damage. Over the course of the experiment, the Fv/Fm ratios declined by 59% in PQ-treated leaves, indicating that these leaves underwent some photoinhibition (Fig. 4) .
While SNP prevented this effect as Fv/Fm ratios were maintained within the normal range. These findings demonstrate that the reduction in PSⅡ activity was largely prevented by SNP application and chloroplast membranes were protected to a greater extent from PQ stress. It was shown that SNP pretreatment reduced salt and heat stress induced damage in rice seedlings and prevented the impairment of PSⅡ (Uchida et al., 2002) .
Effect of NO on antioxidant system under PQ stress
The contents of flavonoids and anthocyanin in PQ-treated leaves increased with increasing duration of incubation (Fig. 5) . Accumulations in lettuce leaves 234% over the control for flavonoids and anthocyanin, were greater upon PQ exposure, being 189% and respectively. In the presence of radiation, SNP intensified the product of flavonoids and anthocyanin.
Comparatively, there was no difference between PTIO and PQ treatment.
Secondary metabolites, particularly phenylpropanoids, have long been recognized as serving key antioxidant role in response to wide range of environmental stimuli including UV-B and sunlight radiation. Tattini et al. (2004) suggested that flavonoids may serve antioxidant functions in response to drought and excess light stress. The strong association of anthocyanins with chlorophyllous cells has been shown to have a primary role in photosynthesis perhaps by protecting chloroplasts from photoinhibition The content of malondialdehyde (MDA) is an indicator of lipid peroxidation and oxidative damage to the membrane due to free radicals. PQ exposure dramatically potentiated MDA after 24 h of incubation (Fig. 6) . SNP treatment showed a distinct decrease when compared with PQ-induced MDA contents, demonstrating that NO confers a certain degree of protection to lettuce leaves from thylakoid membrane damage induced by lipid peroxidation. In contrast, Activities of SOD and catalase that remove H2O2 in plants were markedly increased in response to 24 h of exposure to PQ alone compared with untreated control leaves (Figs. 8 and 9 ). However, application of Lipid peroxidation and the increase in the specific activities of antioxidant enzymes are consequence of ROS overproduction and NO acts as an ROS scavenger. NO alleviates the harmfulness of ROS, reacts with other target molecules, and regulates the expression of stress responsive genes under various stress conditions (Qiao and Fan, 2008) . We also observed that SNP counteracted PQ-induced increase in the specific activities of antioxidant enzymes (SOD and CAT) and PTIO reversed the effect of SNP-increased specific activities. Clearly, the effect of NO donor SNP is attributable to NO released. The stimulating effect of NO donor were suppressed by the NO scavenger, indicating that NOS may play an important role in NO-mediated PQ-induced antioxidant enzyme activity (Tossi et al., 2009) . PQ might first induce NO synthesis and the PQ-induced NO then stimulates the antioxidant enzymes.
The inducible effect of NO on the activity of antioxidant enzymes was observed in many other plant species under abiotic stresses such as drought, salinity, heat, herbicide and heavy metals (Zhao et al, 2007; Qiao and Fan, 2008) . The present study also provides evidence that NO dependence on antioxidant activity serves as a signaling component in the induction of protective responses and is associated with PQ tolerance in lettuce plants. However, it was reported that CAT have been shown to be inhibited by NO in tobacco (Clark et al., 2000) and SNP treatment alone did not affect the specific activities of antioxidant enzymes in rice leaves (Hsu and Kao, 2004) . Those lines of evidence implicate that the response to some stressors may be specific to certain species.
In the present paper, NO increased the tolerance to lettuce to PQ, suggesting that increased antioxidant defenses should confer cross-tolerance to several oxidative stresses. In conclusion, NO can induce the antioxidant system to prevent accumulation of ROS and protect plants from oxidative damage under PQ stress. Thus, it is suggested that NO is involved in the PQ signaling pathway and may serve as a secondary messenger to mediate adaptive response to PQ stress.
Conclusions
This study demonstrates that SNP protects lettuce leaves from injury due to paraquat stress. Application of paraquat induced photoinhibition, loss of fresh and dry mass and degradation of components of the photosynthetic machinery in lettuce leaves. This suggests that the chloroplast may be a primary site of damage caused by paraquat stress in illuminated plant tissues. Protection againt phytotoxic peroxidation is achieved by antioxidants such as NO donor, SNP. SNP, when applied exogenously during paraquat stress, is able to reverse induced loss of photosynthetic pigments and accumulation of antioxidant metabolites including anthocyanin and flavonoids. The protective effect of exogenous SNP was manifested in an increase in the chlorophyll content and a decline in lipid peroxidation and hydrogen peroxide. SNP counteracted paraquat-induced increase in the specific activities of antioxidant enzymes such as SOD and catalase. SNP stimulated an overall increase in antioxidant enzyme activities indicating that SNP elevated the plants to a high level of oxidative stress tolerance. However, the protective effect of SNP on the antioxidant system under paraquat stress was suppressed in the presence of NO scavenger, PTIO. These results demonstrate that NO donor (SNP) and scavenger (PTIO) alleviated and exaggerated the paraquat stress, respectively. Therefore, NO might mediate tolerance to elevated levels of paraquat toxicity and preclude oxidative damage.
